Abstract: This paper presents a compact driver module for InP MachZehnder modulator (MZM). The size of the driver module is 14 mm × 8 mm × 2.8 mm. We reduce the size of this driver module by integrating two channels for the driver IC, which doesn't require any external bias tee, and by making the driver package small. With this driver module and InP MZM module mounted on evaluation board, we obtained a well separated 16-QAM constellation at the speed of 28 Gbaud.
Introduction
To deal with the increasing amount of data traffic in optical fiber networks, optical multilevel transmission is being investigated. One technology for optical multilevel transmission is 16-QAM transmission [1] . In this QAM system, 100-Gb/s signal is transmitted at a single wavelength. At higher bit rates, such as 400 Gbit/s, parallelizing the 100-Gbit/s system can deal with the increasing data traffic. However, this approach increases the mounting area of components. It is therefore necessary to reduce the size of the components or channelize them. For multilevel optical transmission systems, an InP Mach-Zehnder modulator (MZM) is attractive as an optical IQ modulator because it has a lower driving voltage and is in size smaller than a lithium-niobate Mach-Zehnder modulator (LN-MZM) [2] .
We previously reported the electrical characteristics of the compact quadchannel driver module [3] . In addition to the effect of the small size itself, the driver module was designed without any bias tee, which is normally needed in driver modules for AC coupling between the driver and InP MZM. In this paper, we present the results of optical 16-QAM modulation with this compact quad-channel driver module and the InP MZM module, which was also reported [4, 5] . The obtained 16-QAM constellation exhibits that this driver module can make 100-Gbit/s or beyond 100-Gbit/s systems smaller.
Driver module
The driver IC was fabricated using InP HBT technology [6, 7] . To reduce the module size, we designed the two-channel driver IC with a fully lumped configuration to save active IC area [8] . The driver IC has a fully differential two-stage amplifier comprising a variable-gain amplifier (VGA) and an output buffer (Obuf ) as shown in Fig. 1 .
For the output buffer, we designed a cascode amplifier with 50-Ω termination resistors. The cascode transistors suppress the Miller effect and thus improve the output bandwidth. The VGA and the output buffer were arranged in a lumped configuration. The driver IC does not need any external bias tee for the output buffer. The purpose of a bias tee is to obtain voltage headroom while keeping the DC voltage of the output buffer at a low level. However, if we use an external bias tee, the footprint of the driver module increases because the bias tee consists of large coils. In this IC, the output buffer absorbs the fall of the output DC operating point by shifting power supply voltage (Fig. 2) .
With this design, we were able to obtain a driver IC that does not require any external bias tee. The dual channelization and bias-tee-less design can decrease the footprint of the driver module. The power consumption of this driver IC is 0.95 W per a channel, and is sufficiently suppressed to implement in the compact transceiver of next generation. This driver module is made of ceramic and surfacemounted. The target size of the module was 14 mm Â 8 mm for assembly in compact transceivers. The driver IC in this module was designed without the coils needed for the bias tee. This reduces the footprint of the module because those coils require a large mounting area. The driver module has broadband capacitors for DCvoltage blocking in each channel, so no external DC block is necessary. The capacitors are 0:4 mm Â 0:2 mm for input and 0:6 mm Â 0:3 mm for output. With these small capacitors, we were able to reduce the distance between channels in the module. The RF interface of the package is ground-signal-signal-ground (GSSG). This also contributes to making the footprint of the driver module smaller because there is no need for any ground plane between signal lines (Fig. 3(a), Fig. 3(b) ). Fig. 3(c) shows a top view of the quad-channel driver module with two driver ICs. In the package, a coplanar waveguide (CPW) is used to ensure good broadband frequency characteristics. The footprint per channel is 28 mm 2 /ch, 1/8 of that the 221 mm/ch 2 in our previous report [9] . The external-bias-tee-less design is effective to reduce mounting area of module. Fig. 4 shows the differential small signal gain and output return loss of the driver module. The 3-dB bandwidth is about 22 GHz, and output return loss is less than −10 dB up to 18 GHz. It is thought that these characteristics are adequate for operation at the speed of 28 Gbaud.
The four-level output waveform at 28 Gbaud is shown in Fig. 5(b) . The output amplitude is about 1.5 V pps (3.0 V ppd ), and we observed good multilevel eye opening.
Optical 16-QAM modulation with driver module and InP MZM module
We assembled a transmitter board with the driver and the InP MZM modules ( QAM modulation is a half of the V voltage, which value is sufficiently small for being driven by the driver IC. We investigated optical 16-QAM modulation with these modules. Fig. 6 also shows a measurement system for single polarization (SP) 16-QAM operation. The wavelength of the modulated light was 1550 nm, and the optical input power was 13 dBm. The operation temperature was 45°C. The electrical loss of the driver module and InP MZM module at 20 GHz are −1.5 dB and −1.0 dB, respectively. The electrical loss of transmitter board was estimated to be 0.08 dB/mm. Therefore, in this transmitter board, we designed the length of the RF line between driver module and InP MZM module to be less than 5 mm to keep the 3-dB bandwidth over 20 GHz for 28-Gbaud operation. Fig. 7 shows the resulting constellation diagram obtained from measurement system in Fig. 6 . A well separated constellation was observed, and the error vector magnitude (EVM) was 12.8%. This result conclusively demonstrates that this compact quad-channel driver module is suitable for compact transceivers, such as CFP2, for optical multilevel transmission. 
Conclusion
We described compact quad-channel driver and InP MZM modules and reported modulation results using an evaluation board. The driver module size of 14 mm Â 8 mm Â 2:8 mm was accomplished by designing a driver IC that integrates two channels and requires no external bias tee. In addition to the driver IC design, adopting small chip capacitors for DC blocking and GSSG via is also effective for reducing the footprint of the driver module. The bandwidth of the driver module is 22 GHz. The driver module provides good multilevel electrical output at 28 Gbaud, and the differential output amplitude is 3.0 V ppd . A 16-QAM constellation at 28 Gbaud was obtained from the transmitter board equipped with the driver and InP MZM modules, and EVM was 12.8%. These results show that these modules are good candidates for compact parallelizing optical 100-Gbit/s transmission systems.
